Abstract Circadian pacemaking in suprachiasmatic nucleus (SCN) neurons revolves around transcriptional/posttranslational feedback loops, driven by protein products of "clock" genes. These loops are synchronized and sustained by intercellular signaling, involving vasoactive intestinal peptide (VIP) via its VPAC2 receptor, which positively regulates cAMP synthesis. In turn, SCN cells communicate circadian time to the brain via a daily rhythm in electrophysiological activity. To investigate the mechanisms whereby VIP/VPAC2/cAMP signaling controls SCN molecular and electrical pacemaking, we combined bioluminescent imaging of circadian gene expression and whole-cell electrophysiology in organotypic SCN slices. As a potential direct target of cAMP, we focused on hyperpolarizationactivated, cyclic nucleotide-gated (HCN) channels. Mutations of VIP-ergic signaling compromised the SCN molecular pacemaker, diminishing the amplitude and intercellular synchrony of circadian gene expression. These deficits were transiently reversed by elevation of cAMP. Similarly, cellular synchrony in electrical firing rates was lost in SCN slices lacking the VPAC2 receptor for VIP. Whole-cell currentclamp recordings in wild-type (WT) slices revealed voltage responses shaped by the conductance I h , which is mediated by HCN channel activity. The influence of I h on voltage responses showed a modest peak in early circadian day, identifying HCN channels as a putative mediator of cAMP-dependent circadian effects on firing rate. I h , however, was unaffected by loss of VIP-ergic signaling in VPAC2-null slices, and inhibition of cAMP synthesis had no discernible effect on I h but did suppress gene expression and SCN firing rates. Moreover, only sustained but not acute, pharmacological blockade of HCN channels reduced action potential (AP) firing. Thus, our evidence suggests that in the SCN, cAMP-mediated signaling is not a principal regulator of HCN channel function and that HCN is not a determinant of AP firing rate. VIP/cAMP-dependent signaling sustains the SCN molecular oscillator and action potential firing via mechanisms yet to be identified.
Daily rhythms of sleep and wakefulness, physiology, and metabolism are coordinated by the suprachiasmatic nucleus (SCN) (Reppert and Weaver, 2002; Welsh et al., 2010) . The 24-hour timing mechanism of the SCN is cell autonomous. It revolves around the expression of "clock" genes (3 Period [Per] and 2 Cryptochrome [Cry] genes), which is stimulated by the transacting factors Clock and Bmal1 and inhibited by their own PER and CRY protein products in a transcriptional/posttranslational negative feedback loop. Rhythmic outputs of this core oscillatory mechanism, recorded both in vivo and in culture, include daily cycles of action potential (AP) firing, metabolic activity, and neuropeptide synthesis and secretion (Kuhlman, 2007) . How the core feedback loop actually generates these physiological rhythms is poorly understood, although daily modulations of ion channel activity, including fast delayed rectifier (Itri et al., 2005) , large conductance, calcium-activated potassium currents (Kent and Meredith, 2008) , and A-type potassium currents (Itri et al., 2010) have been described as circadian modulators of action potential (AP) firing rates. Moreover, the electrophysiological activity of the SCN has a profound influence on circadian gene expression, insofar as suppression of AP firing by tetrodotoxin (TTX) severely damps the amplitude of Per gene expression (Yamaguchi et al., 2003; Maywood et al., 2007) . Thus, progression of the clock is sustained by feedback from its electrophysiological outputs.
At the level of the SCN circuit, it has recently become clear that the neuropeptide vasoactive intestinal peptide (VIP) is an important mediator of interneuronal synchronization of firing rate (Aton et al., 2005) and molecular pacemaking (Maywood et al., 2006) . VIP acts within the SCN through the VPAC2 receptor, encoded by the Vipr2 gene (Harmar et al., 2002) , which positively regulates adenylyl cyclase (AC) to stimulate intracellular production of cAMP. We have recently shown that intracellular cAMP signaling is a key determinant of the transcriptional/posttranslational feedback loops (O'Neill et al., 2008) . As with electrical firing, therefore, cAMP signaling may be one of the clock outputs that in turn sustain the core oscillation. How cAMP signaling might influence the electrophysiological properties of the SCN neuron is, however, unclear. It may act indirectly via its effects upon the transcriptional loop, and/ or it may also have a more direct action upon ion channel function, in particular the hyperpolarization-activated, cyclic nucleotide-gated (HCN) ion channel. In other brain regions, cAMP can influence AP firing by its regulation of HCN (Banks et al., 1993; Ingram and Williams, 1996; Saitow and Konishi, 2000) , and changes in binding cAMP to HCN can contribute to the regulation of rhythmic firing patterns (Wang et al., 2002) . These channels carry the I h conductance, which shapes negative voltage responses by the generation of a depolarizing voltage sag (Maccaferri and McBain, 1996) . The activity of HCN channels is necessary for circadian gene expression to be maintained in the SCN slice (O'Neill et al., 2008) . The aim of this study, therefore, was to examine the functional role of I h in the SCN, to test whether VPAC2/cAMP signaling regulates it and whether it is a point of circadian control for cAMP over AP firing. To achieve this, we used organotypic slices of SCN from PERIOD2::LUCIFERASE (PER2::LUC) fusion-protein reporter mice (Yoo et al., 2004) in order to track the circadian phase of the molecular pacemaker and its response to pharmacological manipulations.
MATERIALS AND METHODS

Electrophysiology
All work was licensed by the U.K. Home Office under the Animals (Scientific Procedures) Act (1986). Organotypic SCN slices from PER2::LUC mice were prepared and cultured as described (Maywood et al., 2006) . Photomultiplier recordings of total bioluminescence were used to determine the circadian phase of each slice prior to experimentation, when slices were cut from their Millipore insert and placed in a bath perfused with a solution containing the following (in mM): 125 NaCl, 25 NaHCO 3 , 3 KCl, 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , 3 Na pyruvic acid, and 25 glucose, gassed with 95% O 2 and 5% CO 2 at 33 °C to 35 °C. Cell-attached and wholecell recordings commenced 1 hour later and were made from neurons throughout the SCN visualized under infrared differential interference contrast (IR-DIC) microscopy. Pipettes (4-7 MΩ) were filled with the following (in mM): 135 K-gluconate, 7 NaCl, 10 HEPES, 2 Na 2 -ATP, 0.3 Na 2 -GTP, 2 MgCl 2 , 0.01 biocytin, pH 7.2 to 7.3, with KOH. Cell-attached recordings of firing frequency were made from single cells over a 120-second period in voltage clamp mode, at a holding potential of 0 mV. All whole-cell recordings were made with a Multiclamp 700B current clamp amplifier (Molecular Devices, Sunnyvale, CA) and were completed within 2 minutes of membrane rupture to reduce the effects of dialysis. The amount of depolarizing voltage "sag" in response to a hyperpolarizing current injection was taken as a measure of I h . The membrane potential of each cell was held between -58 and -62 mV by the injection of tonic holding current, and a negative current step (1 second) was generated, which hyperpolarized the membrane potential to between -90 and -100 mV. Voltage sag was calculated by subtracting the peak amplitude of the negative voltage response from the steady-state amplitude, measured 950 to 980 milliseconds following the onset of the negative current step. Recordings where the peak negative amplitude fell at potentials more depolarized than -90 mV were discarded. The range of negative voltage responses examined here entered the activation range of all 4 subtypes of HCN channels and therefore would have revealed any major circadian differences in channel expression (Santoro and Tibbs, 1999; Qu et al., 2002; Stieber et al., 2003; Altomare et al., 2003) . Signals were filtered at 1 to 10 kHz and acquired at 40 kHz using Axograph (Molecular Devices). Data were analyzed and curve fitting performed using Axograph (Molecular Devices), with statistical analysis by the Student t test or ANOVA with the Dunnett post hoc test for parametric data and the Mann-Whitney U or KruskalWallis test for nonparametric data. Following electrophysiological recordings, cell location within the SCN was confirmed by confocal microscopy of biocytin label.
Analysis of Circadian Functions in VIPand VPAC2-Null Mutant Mice and in SCN Slices
WT, Vipr2
-/-, and Vip -/-mutant mice carrying the gene encoding the PER2::LUC reporter were initially entrained to a cycle of 12 hours of light and 12 hours of dark, in cages equipped with a running wheel and passive infrared movement detector, and then transferred to continuous dim red light. Circadian rhythmicity was assessed by periodogram analysis in Clocklab (Actimetrics, Wilmette, IL). Circadian gene expression of individual cells in SCN slices was recorded using Hamamatsu Orca II CCD cameras (Hamamatsu, Japan) as described (Maywood et al., 2006) . PER2::LUC bioluminescence from individual cells and from across the entire SCN was analyzed using IPLab software (Scanalytics Inc., Fairfax, VA). Phase coherence of cells within a slice, before and after treatments, was determined using Rayleigh plots (Oriana software, Kovach Computing Services, Anglesey, UK).
Reagents
MDL-12,330A, DK-AH 269 (Sigma-Aldrich, Poole, UK), and ZD-7288 (Tocris Bioscience, Bristol, UK) were dissolved in either medium or DMSO to make stock solutions 1000x the working solutions. Drugs were added to the medium in the PMT-recording Petri dish between 15 and 20 hours before electrophysiological recordings. The efficacy of each drug treatment was verified by the damping of SCN bioluminescence.
RESULTS
Circadian Control of Action Potential Firing in the Organotypic SCN Slice
The peak of the bioluminescence cycle was identified as circadian time (CT) 12 (Field et al., 2000) . Cell-attached recordings from slices sampled at various circadian phases revealed a spectrum of AP firing rates and patterns. Nevertheless, the composite pattern exhibited a marked and highly significant circadian cycle, with peak AP firing rates during the rising phase of the PER2::LUC curve, equivalent to CT 3 to CT 6, and a marked nadir during circadian night (Fig. 1A and 1B) . A cumulative probability plot of AP firing frequency at all circadian time points identified 2 predominant groups, with firing either above or below 2 Hz, designated as high or low firing rates ( Fig. 1C and 1D ).
The shape of APs recorded extracellularly in voltage clamp mode was different between circadian day and night and in particular between high versus low firing rate cells. The extracellular recording of the AP is the time derivative of the whole-cell waveform and gives an indication of the density and rate of activation of the ion channels underlying the generation of APs. Extracellular recordings of the low firing rate cells, which predominated at night, showed significantly larger negative amplitudes than high firing rate cells (<2-Hz negative amplitude = -64.83 ± 11.48 pA, n =15; >2-Hz negative amplitude = -28.29 ± 2.93 pA, n = 16; p = 0.0035), suggestive of a higher density of the ion channels underlying the upstroke of the AP. Thus, the PER2::LUC organotypic slice, with its explicit molecular report of circadian phase, revealed clock-dependent changes in firing rate and AP waveform.
Signaling via VPAC2/cAMP Sustains the SCN Clockwork In Vivo and In Vitro
Null mutations of VIP and VPAC2 in the PER2::LUC background disrupted circadian behavior. Whereas WT mice exhibited clearly organized rhythms, rest/activity behavior was disorganized in both types of homozygous mutant animal (data not shown). This behavioral disturbance was accompanied by the loss of coherent molecular pacemaking in the SCN, as reported by PER2::LUC. SCN from WT and heterozygous mutant mice of both strains showed sustained, high-amplitude rhythms of PER2-driven bioluminescence (Suppl. Fig. S1A and S1C). In contrast, the rhythms of homozygous VIP-and VPAC2-null mutant SCN were of low amplitude and damped rapidly (Suppl. Fig. S1B-D) . CCD imaging of individual neurons showed that deficient circadian gene expression was accompanied by loss of phase coherence of cellular bioluminescence rhythms across the mutant slices ( Fig. 2A and data not shown). VIP/ VPAC2 signaling acts via cAMP. The effect of cAMP signaling on the molecular pacemaker of VIP-null slices was therefore tested by activating adenylyl cyclase (AC), either directly by addition of forskolin or indirectly by addition of VIP. Both treatments acutely activated PER2::LUC expression across the mutant slices (Suppl. Fig. S1D ) and transiently synchronized the cellular rhythms of circadian gene expression ( Fig. 2A and 2B ). These effects of AC stimulation were comparable to that of acute potassium-induced depolarization. Thus, amplitude and synchrony of the SCN molecular pacemaker are sensitive to VIP-and cAMP-mediated signals.
The phase dispersal of gene expression rhythms in VIP-and VPAC2-null SCN was mimicked in the AP firing patterns of organotypic slices. Although the mean firing rate of VPAC2-null cells was not significantly different from the 24-hour mean of WT cells (WT = 3.8 ± 0.4 Hz, n = 150; VPAC2 null = 3.4 ± 0.6 Hz, n = 44; p = 0.61), AP recordings from multiple cells revealed a broad range of firing frequencies within individual VPAC2-null slices. When the 2-Hz cut-off was used as the criterion (see above), there was a clear and statistically significant difference in the distributions of high and low activity cells recorded from WT slices in circadian day (when high firing rates predominate, % cells >2 Hz = 81.9 ± 9.2, p = 0.002) or in circadian night (when low firing rates predominate, % cells <2 Hz = 70.5 ± 9.8, p = 0.016) (Fig. 2C) . Across the individual VPAC2-null slices, however, the distribution of cellular activity matched neither day nor night WT pattern. Rather, it matched the predicted aggregate distribution of a mixed population of neurons exhibiting either daytime or nighttime activities. Thus, as reported in acute SCN slices from mutant mice (Brown et al., 2007) , in the stable organotypic slice, the VPAC2-null SCN exhibited an electrophysiological correlate of the compromised molecular timekeeping: loss of phase coherence between cells. Moreover, the significant difference in AP waveforms observed between high and low firing in WT slices was also seen in VPAC2-null slices (Fig. 2D) . Interestingly, a further significant difference in AP waveform was also seen between low firing WT cells and low firing VPAC2-null cells, as well as high firing WT cells and high firing VPAC2 null. In both low and high firing rate cells from VPAC2-null slices, loss of VIP signaling caused a reduction in negative amplitude, implying a (Fig. 3A) . A comparable, but slower and reversible, suppression followed treatment with the competitive inhibitor, DK-AH 269 (Suppl. Fig. S2) . At the electrophysiological level, acute (2 minutes) application of ZD 7288 blocked the depolarizing sag apparent during negative voltage responses (control sag = 2.3 ± 0.6 mV, ZD sag = -0.1 ± 0.5 mV; n = 5, p = 0.04). Moreover, acute application increased the apparent input resistance of SCN cells at hyperpolarized potentials by 39% ± 7% (p = 0.01). The depolarizing sag could not also be detected in cells from slices subject to prolonged (15-24 hours) treatment with ZD 7288 (Fig. 3B) . These data confirm the functional expression of I h /HCN channels in SCN neurons and their sensitivity to ZD 7288.
Whole-cell recordings detected I h conductances in the SCN at all circadian phases ( Fig. 3C and 3D ). There was a significant, albeit modest, circadian modulation, such that the amplitude of the characteristic voltage sag peaked at CT 0 to CT 3 (ANOVA p = 0.02), in advance of the rise in cellular AP firing rates. This modulation therefore identified I h /HCN channel function as a potential target of the SCN clock. Sustained treatment with ZD 7288 suppressed the spontaneous firing frequency of neurons significantly below the mean rate across circadian time (Suppl. Fig. S3A and S3B ). It also reduced firing rate below that of control slices recorded in the middle of circadian night. Interestingly, both extracellular and whole-cell recordings of APs from cells with prolonged exposure to ZD 7288 displayed waveforms similar to those of high firing cells, despite the significant reduction in firing frequency (Suppl. Fig. S3C ). This suggests long-term ZD exposure reduces firing rate via a mechanism different from that acting upon low firing cells that predominate during circadian night. Thus, prolonged pharmacological suppression of HCN channel function, evidenced by the loss of depolarizing voltage sag, is associated with impaired molecular pacemaking and suppressed AP firing rate of SCN neurons. In contrast, however, acute treatment with ZD 7288 (2 minutes) did not affect SCN firing rate (firing frequency = 104% ± 6% of control, p = 0.60), suggesting that HCN is not an acute regulator of AP firing in SCN. Moreover, I h conductances were not a target of VIP/VPAC2 signaling because they were detected in all VPAC2-null mutant cells recorded and their magnitude was not significantly different from WT neurons (Fig. 4A and 4B ). Thus, I h conductances in the SCN do not appear to depend upon VPAC2-mediated signals. Furthermore, the amplitude of voltage sag did not correlate with the frequency of AP firing in a cell, neither in WT nor in VPAC2-null slices, suggesting that cellular firing rate is not acutely modulated by altered HCN activity ( Fig. 4C and 4D ). These results suggest that changes in I h /HCN channel activities are not the effectors of clock-mediated or VIP-ergic modulation of SCN electrophysiological activity.
Suppression of cAMP Synthesis Compromises Circadian Gene Expression and Suppresses Action Potential Firing Rate of SCN
The persistent I h activity in SCN cells lacking VIPergic signaling raised the question of whether VIP/ cAMP-mediated signals act via I h in the SCN. SCN slices treated with the inhibitor of adenylyl cyclase MDL 12-330A (MDL), previously shown to suppress cAMP levels in the SCN (O'Neill et al., 2008) , showed a very rapid damping of circadian gene expression (Fig. 5A) . This was not accompanied, however, by any significant change in the magnitude of voltage sag when compared with control slices (Fig. 5B and 5C ). Consistent with our observations in the VPAC2-null SCN, therefore, this suggests that HCN channels in the SCN are unlikely to be regulated by VIP/cAMP signaling. It is important to note, however, that treatment with MDL damped AP firing in an apparently dosedependent manner: spike frequency in daytime slices treated with 10 mM of MDL was <0.04 Hz, while under control conditions, during the same daytime circadian time window, firing frequency was >2 Hz (Fig. 5D ). This result reveals the importance of cAMP-dependent signaling in maintaining peak AP firing in the SCN. To check that MDL was not suppressing firing by compromising the health of the slice, AP firing was induced by positive current injections. Interestingly, although cells were able to fire in the presence of MDL in response to a current stimulus (Fig. 5E and 5F), they showed significant AP frequency accommodation; that is, the cells did not continue to fire APs despite application of a pronounced depolarizing stimulus.
DISCUSSION
Intercellular and intracellular signaling regulated by VIP/VPAC2/cAMP sustains and synchronizes molecular pacemaking in the SCN. We have shown that spontaneous AP firing is highly rhythmic in the SCN organotypic slice, peaking in circadian day and phase locked to the rising phase of PER2 expression. This is accompanied by a modest rhythm in the activity of HCN channels, as evidenced by I h conductance. We could find no evidence, however, that I h conductance is a regulator of action potential firing in the SCN nor that it is affected by VIP/cAMP signaling. Nevertheless, sustained inhibition of cAMP synthesis compromised molecular pacemaking and AP firing. We conclude that cAMP-regulated pathways, independent of HCN channels, are necessary components of the SCN timepiece. The organotypic SCN slice, stable and competent to oscillate for weeks, offers significant advantages over acute ex vivo slices. PER2::LUC bioluminescence recording placed the circadian firing rate rhythm in register with the molecular pacemaker, and effects of various manipulations were analyzed at explicit circadian phases. The firing peak rhythm matched that reported from acute slices (Green and Gillette, 1982; Cutler et al., 2003) , and additionally, we identified a circadian change in the negative phase of the derivative of action potential waveforms, consistent with recent description of a circadian modulation of action potential amplitude (Belle et al., 2009 ) seen in acute slices. In the absence of VIP/VPAC2 signaling, circadian behavioral rhythms are severely disrupted (Harmar et al., 2002; Colwell et al., 2003; Sheward et al., 2007; Dragich et al., 2010; Ciarleglio et al., 2009) , and SCN slices exhibit progressive dispersion of the phases of cellular circadian PER2::LUC expression (Maywood et al., 2006) . This phase dispersal was mirrored by a similar dispersal of the rates of AP firing. This requirement for VIP/VPAC2 signaling to maintain synchrony of cellular firing rate rhythms has been reported in both dispersed SCN cultures (Aton et al., 2005) and acute slice preparations (Brown et al., 2007) .
Direct and indirect (VIP-ergic) stimulation of cAMP signaling stimulated SCN pacemaking, supporting the view that HCN channels, as putative targets of cAMP, may play a role. The depolarizing sag caused by activation of the I h current was detectable in almost all SCN neurons tested (94.6%), as noted in acute slices (89%) (de Jeu and Pennartz, 1997), and the current was lost in slices treated with HCN channel blocker, confirming its origin. Previous characterization of I h , using a limited number of time points, suggested that it was not subject to circadian modulation (de Jeu and Pennartz, 1997) . By exploiting the bioluminescent signal, we detected a modest circadian modulation of the voltage sag that peaked as the rate of AP firing was increasing. While it is possible that this altered voltage sag reflects a circadian change in input resistance, which is independent of I h , we consider it to be indicative of an up-regulation of I h . The apparent input resistance of SCN neurons at hyperpolarized membrane potentials is powerfully controlled by I h . Acute blocking of I h with ZD 7288 dramatically increased the apparent input resistance of the neuron at hyperpolarized membrane potentials (by ~40%) (Fig. 3B) . The apparent input resistance, and so the degree of voltage sag, is therefore controlled by I h . If I h is up-regulated in a circadian manner, this will act to decrease the apparent input and so act to decrease voltage sag if the increased I h conductance does not overwhelm this effect to increase the degree of voltage sag. Therefore, an enhancement of voltage sag is suggestive of an up-regulation of I h .
Thus, I h in the SCN is a clock target, although this modulation is unlikely to be at the level of circadian transcription, insofar as transcriptomic analyses of SCN gene expression have failed to identify a circadian mRNA profile for HCN (Panda et al., 2002) . Posttranslational modification is more likely, of which changes dependent upon rhythmic cAMP levels are a possibility (Wang et al., 2002) . The persistence of I h in VPAC2-null SCN slices and in WT slices treated with the AC inhibitor indicates, however, that cAMP exerts little control over it in the SCN. While it might be argued that by using a single hyperpolarization step to monitor I h changes due to modulation by cAMP might be overlooked, we do not consider this to be the case. Immunohistochemical studies suggest HCN 3 and HCN 4 are the predominant subunits in the SCN (Notomi and Shigemoto, 2004) , and of the 4 HCN channels, HCN 4 is the most responsive to cAMP, showing a depolarizing shift in V 1/2 of 23 mV in its presence (Ishii et al., 1999) . If such a shift were to have occurred in our recordings, the availability of the I h current, in response to the -40-mV voltage excursion, would have been dramatically increased. Previous work has shown that HCN 4 channels are maximally activated at -100 mV in cAMP, which would in our experiments be manifested as an increase in anomalous rectification. We did not see these effects. In contrast to HCN 4, expression studies of the recently cloned murine HCN 3 subunit suggest that cAMP has no impact upon the activation kinetics of homomeric HCN3 channel and induces a small 5-mV hyperpolarizing shift in V 1/2 (Mistrik et al., 2005 (Chevaleyre and Castillo, 2002) . The suppression of circadian gene expression caused by ZD 7288 and DK-AH 269 may also be secondary to HCNindependent altered firing because other treatments that suppress electrophysiological activity in the SCN such as TTX (Yamaguchi et al., 2003; Maywood et al., 2007) or membrane hyperpolarization (Lundkvist et al., 2005) compromise Per gene expression.
Although cAMP may not act through HCN/I h , its central contribution to the SCN clock is manifest by the suppression of both circadian gene expression and AP firing when AC is inhibited. These 2 effects may occur independently, with Per gene expression falling because of a reduction in cAMP-mediated transcriptional activation of the Per genes via their Ca 2+ /cAMP response element (CRE) sequences (Travnickova-Bendova et al., 2002) , while AP firing may be regulated by a different mechanism. Alternatively, the 2 effects of AC inhibition may be related, with a reduction in electrophysiological activity following suppression of AC, leading to a fall in Per expression by a reduction in intracellular Ca 2+ / CRE signaling.
How might a reduction in cAMP level compromise AP firing? It is not clear if MDL is blocking the sodium current or changing the activation state of other ionic conductances, which control repetitive firing. For example, blockade of calcium-activated potassium channels similarly leads to a dramatic reduction of action potential amplitude, presumably through the voltagedependent inactivation of sodium channels (Belle et al., 2009) . Other than HCN channels, direct effectors of cAMP include protein kinase A (PKA) and Rap guanine nucleotide exchange factors (Epac). In excitatory synapses (Gekel and Neher, 2008) , activation of Epac can stimulate neurotransmitter release and thereby enhance spontaneous firing. In the SCN, Epac activation can stimulate PER expression when cAMP levels are suppressed (O'Neill et al., 2008 ). An alternative mechanism is suggested by the dose-dependent increase in accommodation we observed in response to AC suppression. The inverse of this effect is seen in hippocampal pyramidal cells where stimulation with a cAMP analog reduces the degree of AP accommodation. This results from a reduction in the amplitude of depolarizationinduced calcium-activated potassium afterhyperpolarizations (Madison and Nicoll, 1986) . The surface localization of one such calcium-activated potassium channel, the SK channel, is regulated through direct phosphorylation by PKA (Ren et al., 2006) . Therefore, circadian daytime increases in levels of cAMP/ PKA activity could increase SK phosphorylation and reduce channel expression, while conversely, reduction in cAMP levels at night could increase SK surface expression and reduce spontaneous firing frequency. Alternatively, cAMP-dependent signaling controls intracellular trafficking of voltage-dependent potassium channels (Kv4.2) in hippocampal neurons (Hammond et al., 2008) . Kv4.2 is expressed in the SCN, and the current it carries is under circadian modulation (Itri et al., 2010) . Thus, altered expression of A-type potassium channels arising from prolonged suppression of cAMP signaling may contribute to the electrophysiological phenotype.
In conclusion, the molecular clock controls VIP/cAMP signaling, cAMP controls electrophysiological excitability (likely via Ca 2+ and K + channels), and excitability of the cell in turn regulates the molecular clockwork by governing Per gene expression. Despite being present in the SCN and subject to a (cAMP-independent) circadian modulation, our data suggest that I h /HCN activity is not a control point within this network.
